Abstract In this paper we analyze the dynamic characteristics of an edge-emitting laser under large signal modulation in the frequency domain using a harmonic balance method. The simulations reveal the nonlinearities of the carrier dynamics in the quantum well region. They strongly in uence the optical power in the higher harmonics.
I. INTRODUCTION AND THEORY
The dynamic range of linearity is a critical specification in optoelectronic analog modulation applications. Even if the lasing power changes linearly with the injection current, intrinsic distortion effects are present and higher harmonics draw power from the fundamental signal.
For the description of the semiconductor laser, a multidimensional electro-opto-thermal model is applied [1] , [2] .
The resulting partial differential device equations are spatially discretized on a simulation mesh resulting in &tq(x(t)) +y(x(t)) -w(t) -0
where x denotes the solution variable vector, w denotes explicit time-dependent sources, whereas q and y describe the device behaviour. A direct solution by time integration is too time consuming, since time constants in electro-opto-thermal problems differ by several orders of magnitude: quantum well (QW) carrier scattering times are in the ps range, whereas thermal processes happen on the ,us to ms time scale. Hence, more elaborated frequency-domain methods are better suited. In the case of an arbitrary (quasi-)periodic source term w, the so called harmonic balance (HB) method can be applied [3] , [4] . In the HB formulation, both, the source vector ( 2) where Q,Y are the finite Fourier series of q (x(t)) and y (x(t)) up to order H, respectively. Q is the frequency matrix resulting from the time derivative and W is the finite Fourier series of the source term. Eq. (2) forms the nonlinear HB problem, which has to be solved for X. The major advantage of the HB formulation is that the laser response of large (quasi-)periodic sources can be analyzed in frequency domain. Quantities such as harmonic distortion and intermodulation distortion are obtained in a straight forward manner.
II. RESULTS
As a reference example to analyze distortion effects, a single QW edge-emitting laser emitting at around 980 nm is used. The details about the epitaxial layer structure, the simulation setup and cw simulation results are given in [5] . For illustration purposes, Figure 1 shows the optical mode pattern of the fundamental transverse mode and the current density profile at a bias current of 100 mA. Figure 2 shows the intensity modulation response for different bias currents at T = 300 K. Due to capacitive effects such as the QW capture process, this edge-emitting design features a first-order low-pass already in the low GHz regime which affects the linearity at high modulation frequencies. Figure 3 shows HB simulation results for bias current 100 mA and modulation frequencies 100 MHz, 1 GHz and 10 GHz. With increasing modulation depth, higher order harmonics start to carry more power. Note that the fundamental harmonic increases with 10 dB/decade, the second harmonic with 20 dB/decade and the third harmonic with 30 dB/decade. The nonlinearities are more pronounced for higher modulation frequencies in agreement with the intensity modulation response characteristics shown in Figure 2 . In the presentation, a detailed analysis of the laser nonlinearities under large signal modulation will be given.
III. CONCLUSION
A multi-dimensional large-signal laser model in frequency domain is presented. As example, the nonlinearities in an edgeemitting laser under modulation are analyzed by extracting the higher order harmonics. 
